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ABSTRACT Human-induced climate change and ocean acidification are global environmental phenomena with a common
driver: anthropogenic emissions of carbon dioxide. Both processes potentially threaten the Mediterranean bivalve mollusc
aquaculture sector, which is economically relevant to several regions and countries. Detrimental effects on bivalve mollusc species
might arise from the associated increase in sea surface temperature, pH reduction, higher frequency of extreme climatic events,
and possible synergies with other nonclimatic stressors, such as harmful algal blooms and mollusc diseases. This paper presents
the results of a questionnaire-based study of Mediterranean bivalve mollusc producers from 12 coastal regions and six countries,
the latter including those with the highest production share in theMediterranean region. This study aims to assess knowledge and
perception of threat of climatic and nonclimatic environmental stressors within the Mediterranean aquaculture industry.
Furthermore, it collects information about the (geographical) impacts of summer heat waves and ocean acidification. The results
suggest that ocean acidification is still a relatively unknown phenomenon and generally poorly understood.Moreover, it is considered
a secondary threat compared with other pressures. Summer heat waves are presently perceived as the highest threat, having been
observed in amajority of the studied production sites in past years, with effects on seed (spat), adult mortality, and byssus attachment.
KEY WORDS: climate change, sea warming, ocean acidification, Mediterranean Sea, aquaculture, bivalve molluscs
INTRODUCTION
Climate change and ocean acidification are global environ-
mental threats with a common cause: anthropogenic emissions
of carbon dioxide (CO2) (IPCC 2013). The increase of this
greenhouse gas in the atmosphere and its feedback on the climate
causes global temperature rise in the lower atmosphere and ocean.
The surface ocean has warmed between 1971 and 2010 by 0.11!C
per decade (IPCC 2013), whereas the highest temperature increase
have been recorded in the coastal zone, namely 0.18!C (Lima &
Wethey 2012). Depending on the future emission scenario, surface
ocean temperatures are projected to warm in the top 100 m by
about 0.6–2.0!C by 2100 (IPCC 2013). Nearly 50% of the
emitted anthropogenic CO2 accumulates in the atmosphere.
Oceans are the largest natural reservoirs of carbon and are
responsible for 26% of CO2 uptake (average for 2003 to 2012)
(Le Qu!er!e et al. 2014). The accumulation of CO2 in seawater
leads to an increase of its acidity level (i.e., a decrease in
seawater pH). An increase of 26% in acidity (i.e., a pH decrease
from 8.2 to 8.1) has been estimated during the last two centuries
(IPCC 2013). An additional pH decrease between 0.06 and 0.32
is projected for the end of the 21st century, depending on the
considered emission scenario (IPCC 2013).
Climate projections under a business-as-usual scenario for
the Mediterranean area indicate a potential increase in sea
surface temperature (SST) of 1–1.5!C in the Eastern Mediterra-
nean, Aegean, and Adriatic Sea from 2000 to 2050, with summer
SST regularly surpassing 29!C in the South Eastern Mediterra-
nean (Lovato et al. 2013). In the Northwestern Mediterranean
Sea, mean maximum summer SST has increased by about 1!C
between 2002 and 2010 relative to 1980 to 2000 (Macias et al.
2013), whereas a rapid warming is projected for the end of the
century (Gualdi et al. 2013 and references therein). Recent work
has demonstrated that ocean acidification in the Northwest
Mediterranean Sea is already detectable, with a decrease of
0.0013 pH unit per year between 1998 to 2000 and 2003 to 2005
(Meier et al. 2014), close to the rates observed in other areas of
the global ocean (Orr 2011). Furthermore, a 30% increase in
acidification between 2010 and 2050 may be expected, implying
a 60% increase in ocean acidity because of the industrial
revolution (Ziveri & MedSeA Consortium 2014).
The potential impact of ocean warming on marine organ-
isms has been studied for decades. Among many consequences,
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the increase in seawater temperature has been shown to be
responsible for, inter alia, mass mortality events (e.g., Coma
et al. 2009), increased sensitivities to pathogens (e.g., Harvell
et al. 2002), species invasions (e.g., Stachowicz et al. 2002), and
phenological shifts (e.g., Edwards & Richardson 2004). The
interest of the scientific community in the effects of ocean
acidification on marine organisms is of a more recent date (The
Royal Society 2005), and its impact in the Mediterranean basin
has only received closer attention in the current decade (Ziveri
2012). Most of the research effort has focused on organisms
producing calcium carbonate skeletons or shells (Kroeker et al.
2014 and references therein). Indeed, whereas decreasing pH
levels are expected to have profound impacts on the physiology
and metabolism of marine organisms through a disruption of
intercellular transport mechanisms (P€ortner et al. 2004), the
seawater pH decrease will also lead to a decrease in the
concentration of carbonate ions (CO3
2–), one of the building
blocks of calcium carbonate (CaCO3), and likely alter the
ability of calcifying organisms to precipitate CaCO3 (Gazeau
et al. 2007, Kroeker et al. 2014, Meier et al. 2014).
Among vulnerable species to climate change and ocean
acidification are bivalve molluscs, such as mussels, oysters, and
clams [For the purpose of simplification, the term ‘‘molluscs’’ will
be used to in the rest of the paper, even though this group includes
non-shelled species such as cephalopds (FAO 2010).]. In the
Mediterranean Sea, in the coming decades, these species will most
likely experience increased thermal stress due to unusually high
SST. Anestis et al. (2007) have shown that the Mediterranean
mussel Mytilus galloprovincialis already lives in summer and in
certain regions of theMediterranean Sea near or beyond its upper
critical temperature (25–28!C). This suggests a potential vulner-
ability of these species to extreme climatic events such as summer
heat waves, and to a more gradual tendency of sea warming
expected with climate change. Under high SST, several effects
may occur in different life stages of the species (larvae, seed or
spat, juvenile, and adult), inter alia, decrease in survival rate,
slower growth, and inability for the species to develop their
organic protective layers (Gazeau et al. 2014). The latter study
shows that adult mussels are highly sensitive to warming with
100% mortality observed at increased temperature (+3!C) in
summer. Other potential effects arising from climate change on
mollusc may comprise habitat changes and physical disturbance
as a result of sea level rise or higher frequency of storms affecting
wind and wave conditions. More extreme fluctuations in pre-
cipitation leading to episodes of floods or droughts could influ-
ence the flow and concentration of nutrients and pollutants in
estuarine and coastal areas, on occasions, contributing to the
depletion of oxygen (hypoxia and anoxia) (Callaway et al. 2012).
Regarding ocean acidification, the decrease in seawater pH
levels and diminished availability of carbonate minerals could
hamper the development of early life stages of molluscs, the
process of calcification, growth, byssus attachment, and sur-
vival (e.g., Kroeker et al. 2013, Gazeau et al. 2013, O!Donnell
et al. 2013). Experiments show that at pH levels of 0.4 units
lower than current ones (namely 7.7 instead of 8.1), certain
mollusc species start experiencing some of the previous effects
(see comprehensive review from Gazeau et al. 2013). Several
experiments have focused on the combined impacts of ocean
acidification and warming, with contrasting results (antagonis-
tic, additive, or synergistic) (e.g., Lannig et al. 2010, Hiebenthal
et al. 2013, Duarte et al. 2014, Kroeker et al. 2014, Mackenzie
et al. 2014). In the Mediterranean Sea, few experiments have
focused on the effects of ocean acidification alone (Michaelidis
et al. 2005, Bressan et al. 2014, Gazeau et al. 2014, Range et al.
2014) and only one focused on the combined effects of warming
and acidification (Gazeau et al. 2014). This latter study showed
that growth is potentially affected by ocean acidification only in
summer when the organisms face suboptimal conditions, a re-
sult that is consistent with field observations near natural CO2
vents (Rodolfo-Metalpa et al. 2011). Although requiring fur-
ther research, warming and acidification could enhance other
harmful stressors of mollusc species. Examples include the
dispersal of pathogenic organisms and harmful algal blooms
(HAB), potentially detrimental to human health (e.g., shellfish
poisoning) (Cochrane et al. 2009, Rosa et al. 2012).
In 2010, capture and aquaculture of molluscs represented
;10%ofworld seafood production (FAO2010). From a total of
18 million tonnes produced in the world, 81% came from
mariculture, i.e., combining aquaculture production in marine
and brackish water environments, 2% from freshwater aquacul-
ture, and the remaining 17% from capture fisheries (wild
fisheries) (FAO 2010). Despite its relatively low significance at
the world level (;1% of total production), Mediterranean
mollusc mariculture is economically relevant to some regions
and countries. This activity is developed in 14 of the 22 national
territories bordering the Mediterranean Sea, in a diverse set of
environments (e.g., lagoons, coasts/bays, offshore areas), and
employing various techniques (e.g., production in trays, stakes,
ropes suspended from rafts, and long lines) (Danioux et al. 2000).
Italy, Greece and France appear as the three top producers,
whereas the native species Mediterranean mussel Mytilus gallo-
provincialis is the main cultivated species (FAO 2010).
Some production sites, often located near river estuaries and
areas where agriculture is practiced, already suffer from associ-
ated pressures of eutrophication and hypoxia, which can act in
synergy with climate change and ocean acidification. This has
been documented for the Ebro delta (Spain), Etang de Thau
(France), Venice Lagoon andGulf of Trieste (Italy), Thermaikos
Gulf (Greece), and Lake Bizerte (Tunisia) (WRI 2014, Rosa et al.
2012). Negative implications of climatic and nonclimatic pres-
sures affecting both the mollusc sector and the associated local
economies and societies comprise diverse issues. These might
include: production losses due to mollusc mortality episodes;
damage to physical capital as an outcome of extreme events;
adaptation costs associated with the practice of new cultivation
techniques, and the import of seeds from other areas; and other
possible effects on labor, nutrition, and health (Cochrane et al.
2009, Callaway et al. 2012).
The present study addresses the potential vulnerability of the
Mediterranean mollusc aquaculture sector to climate change
and ocean acidification, as well as to various other environ-
mental pressures, through the implementation of a question-
naire developed for Mediterranean mollusc producers from
several countries and regions. It first aims to assess their level of
knowledge of a selected group of climatic and nonclimatic
pressures, and to what extent they are perceived as a serious
economic threat. Next, it collects information about the geo-
graphical spread, diversity of impacts, and adaptive measures in
the context of extreme climatic episodes such as summer heat
waves. Finally, it identifies the occurrence of potential future
effects of ocean acidification on mollusc production, notably
a decrease in shell thickness and seed recruitment.
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Toour knowledge, this paper represents the first questionnaire-
based study of the Mediterranean bivalve mollusc aquaculture
sector, and adds to the growing number of studies dealing with the
socioeconomic effects of climate change and ocean acidification.
Other studies involve different foci, such as economic valuation of
costs (e.g., Cooley&Doney 2009,Narita et al. 2011,Moore 2011),
reviews of impacts for the aquaculture sector (e.g., Cochrane et al.
2009, Callaway et al. 2012, Rosa et al. 2012), perception and risk
analysis (e.g., Ahsan and Brandt 2014, Deason et al. 2014, Hilmi
et al. 2014), and policy recommendations (e.g., Washington State
Blue Ribbon Panel on Ocean Acidification 2012). What sets this
study apart from these is first, the focus on multiple countries in
the Mediterranean Sea basin, and second, the use of both public
data and questionnaire-based data to increase our understanding
of the threats and impacts.
The remainder of this article is structured as follows: the
section Regional Characterization of theMediterraneanMollusc
Aquaculture Sector gives a general overview of the Mediterra-
nean mollusc aquaculture sector at a regional level. The section
Questionnaire Design and Administration explains the proce-
dures taken for the development and administration of the
questionnaire to Mediterranean producers. The next section
presents the results and the last section is Conclusion.
REGIONALCHARACTERIZATIONOFTHEMEDITERRANEAN
MOLLUSC AQUACULTURE SECTOR
Mariculture production in the Mediterranean Sea has sub-
stantially increased since the 1950s; by 2010 this six-decade
increase went from 3 to 391 thousand tonnes. By 2010, mollusc
aquaculture represented around 39% of total production (;151
thousand tonnes), and 16% of the total value, i.e., ;261,000
USD of ;1.7 million USD (FAO 2010). In 2010, ;75% of the
Mediterranean mollusc aquaculture was developed in marine
water environments, with the remaining 25% obtained from
brackish water environments (FAO 2010). Italy was the main
producer in that year, responsible for;66% of total production
in the area, followed by Greece (;15%), France (;13%), and
Spain (;3%). The remaining countries produced only 3% jointly
(FAO 2010) [Spain and France have important production zones
in the Northeast Atlantic ocean.Mollusc aquaculture in this area
summed ;190 and 160 thousand tonnes in 2010 for the two
respective countries, respectively (FAO 2010).]. The Mediterra-
nean mussel Mytilus galloprovincialis was the most produced
species (;69%), followed by the Japanese carpet shell Ruditapes
philippinarum (;23%), and a mixed group of species (e.g., other
oysters and mussels, and clams) (FAO 2010).
An analysis of the distribution of mollusc production as well as
its proportion of the total mariculture production (including all
groups of species) was made for theMediterranean coastal regions.
This ‘‘proportion’’ indicator was considered as a measure of
dependency of a region onmollusc aquaculture and it was obtained
by dividing the production of molluscs (in tonnes) by that of total
aquaculture activities in the Mediterranean Sea. Regions were
classified at a Nomenclature of Territorial Units for Statistics-2
level for the European Union (EU) countries, candidates, and
potential candidates [candidates include Albania,Montenegro, and
Turkey, and potential candidates Bosnia and Herzegovina (EU
2014)], and as similar administrative territories (e.g., Governorates,
Provinces, Wilayas) for the remaining countries (Table A1).
Figures 1 and 2 present the results for 2010 (supported by data
available in Table A2). Mollusc production is concentrated in the
Northern-rim countries, notably Italy, Greece, France, and Spain.
All Adriatic countries also producemolluscs. In a descending order
of relevance these include Italy (88% of its production is in the
Adriatic Sea),Croatia,Albania,Montenegro, Slovenia, andBosnia
and Herzegovina. From the group of Eastern-rim countries, only
Turkey has some production, whereas the Southern-rim countries
are only represented by Tunisia and Morocco. (Northern-rim
countries are Albania, Bosnia and Herzegovina, Croatia, France,
Greece, Italy, Malta, Monaco, Montenegro, Slovenia, and Spain.
Eastern-rim countries are Cyprus, Israel, Lebanon, Palestinian
Territories, Syria, and Turkey. Southern-rim countries are Algeria,
Egypt, Libya, Morocco, and Tunisia.) In terms of regions, the five
main producers in a descending order of magnitude are Emilia
Romagna and Veneto (Italy), Kentriki Makedonia (Greece),
Languedoc-Roussillon (France), and Puglia (Italy), representing
;74% of the entire production. In all of these regions, mollusc
production represents a high proportion of total mariculture, with
percentages equal to or higher than 78%.
QUESTIONNAIRE DESIGN AND ADMINISTRATION
A structured questionnaire was distributed among Mediter-
ranean mollusc aquaculture producers with the purpose of
assessing their knowledge, opinions and practices in the context
of climatic and nonclimatic pressures potentially affecting the
sector. Special attention was given to extreme events such as
summer heat waves and certain effects that might be expected
under ocean acidification (e.g., decreases in shell thickness/
resistance and in seed recruitment).
The questionnaire had the following structure: it opened with
basic questions on the characteristics of the aquaculture firms (e.g.,
location, years of establishment, and the number of the staff used).
Next, questions were asked on production and markets (e.g., area
of production, total producedquantity per species, and total sales).
This was followed by questions about various environmental
issues (e.g., knowledge and perception about environmental
threats, types of damages observed in the past, adaptive measures
taken). The questionnaire was translated into several languages
(English, Spanish, French, Italian, Croatian, and Greek) to be
distributed to producers through an online web platform and
E-mail (The complete version of questionnaire is available at http://
www.online-research-survey.com/index.php/215493/lang-en.).
It was anticipated that collecting answers from individual
producers in different countries would not be easy. Producers
were mainly indirectly reached through a process of so-called
‘‘snowball sampling’’ (Bryman 2008). Several local points of
contact within the aquaculture technical networks of the General
Fisheries Commission of Mediterranean of Food and Agricul-
tureOrganization ofUnitedNations, producers associations and
cooperatives, universities and research centers, and municipality
offices, served as interlocutors with the producers from different
countries. Furthermore, as a complementary strategy, producers
were also contacted directly in person or by phone to ask for their
participation in the study.
RESULTS
Surveyed Areas
A total of 49 surveys were answered between October 2013
and November 2014. These answers came from producers from
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12 coastal regions and six Mediterranean countries, namely:
Catalonia (Spain); Languedoc-Roussillon (France); Veneto,
Friuli-Venezia Giula, Puglia, and Marche (Italy); Montenegro;
Kentriki Makedonia, Anatoliki Makedonia and Thraki,
Ipeiros, and Sterea Ellada (Greece), and Bizerte (Tunisia).
These regions are quite diverse in terms of production and
regional dependency on mollusc production. In particular,
some regions are top producers, whose aquaculture activities rely
almost exclusively on molluscs (e.g., Languedoc-Roussillon &
Veneto), whereas others present lower levels of production and
dependency (e.g., Ipeiros) (Fig. 3; Table A2).
The majority of the selected regions are represented by
a single production site, whereas others such as Languedoc-
Roussilon (France), Anatoliki Makedonia and Thraki
(Greece), Ipeiros (Greece), and Marche (Italy) have two pro-
duction sites figuring in the study. Altogether, 16 production
sites were reached, including sites located in different environ-
ments such as lagoons, coastal zones/bays, and offshore areas.
All sites produce Mediterranean mussel, whereas some also
cultivate other species, such as oysters and clams, inter alia,
Ebro delta (Catalonia, Spain), Civitanova coast (Marche,
Italy), and Etang de Thau (Languedoc-Roussillon, France).
The number of responses per production site ranged from 1 to 9,
with an average representativeness in terms of total producers
per site of 22%, and lower and upper bounds of representa-
tiveness of 1% (Etang de Thau, France) and 56% (Gulf of
Kotor, Montenegro), respectively (Table 1). Despite having
relatively few responses among producers, Etang de Thau
Figure 1. Regional production of aquaculture molluscs (tonnes, 2010). Source: Information provided by the Associazione Mediterranea Acquacoltori
(AMA); Campbell and Pauly (2013); CEPRALMAR (2011); Magrama (2010); FAO (2010); Theodorou et al. (2011); European Commission (2009); and
the Slovenian Hunting and Fisheries Division, Ministry of Agriculture and the Environment of Slovenia. Note: Data were not available for the regions of
Izmir and Adana in Turkey despite Candan et al. (2007) and L€ok (2009) indicating the existence of mollusc aquaculture farms in these regions.
Figure 2. Dependency of regional aquaculture on molluscs (%, 2010). Source: Information provided by the Associazione Mediterranea Acquacoltori
(AMA); the Decentralized Peripheral Administration of Kentriki Makedonia, Thraki; Campbell and Pauly (2013); CEPRALMAR (2011); Magrama
(2010); FAO (2010); Theodorou et al. (2011); European Commission (2009); and the Slovenian Hunting and Fisheries Division, Ministry of Agriculture
and the Environment, Slovenia. Note: No data were available for the regions of Izmir and Adana in Turkey.
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(France) and Venice Lagoon and coast (Italy) were included in
the analysis to also capture impacts occurring in these areas.
Table 2 shows that the mean age of establishment of mollusc
farms is 17 y, themean production area is of;20 ha per farm, and
the number of full-time employees ranges from aminimumof 0 to
a maximum of 45. The Mediterranean mussel is the most
produced species represented in the survey with a total of 5.6
thousand tonnes and an average of;117 tonnes per farm in 2012,
followed by the Pacific cupped oyster that amounted to a total of
542 tonnes and ;12 tonnes per farm. In total, sampled farms
reach ;6.2 thousand tonnes of produced molluscs, representing
4.1% of the entire Mediterranean production. The mean level of
total annual sales is close to V50,000 per farm.
Knowledge and Perception of Threat Posed by Environmental Pressures
Producers were asked to indicate their knowledge level and
to provide a risk assessment on a total of nine environmental
pressures:
d Gradual increase in SST due to climate change
d Summer heat waves leading to abrupt increases of seawater
temperature
d Ocean acidification
d Sea level rise
d Marine pollution
d Mollusc diseases
d Eutrophication
d HAB
d Invasive species
Producers had the possibility to classify these potential threats
according to their following levels of knowledge: ‘‘good’’,
‘‘limited’’, or ‘‘I never heard about this pressure’’. Figure 4
indicates that ocean acidificationwas themost unknownpressure
with 47%of the respondents who never heard of it. Furthermore,
14% of the respondents did not answer this question revealing
a certain lack of knowledge as well. Summer heat waves were
associated with a higher level of knowledge, with about 63% of
the respondents stating to have a good knowledge about this
pressure. Other pressures reaching a high level of good knowl-
edge were HAB, gradual increase in SST, and eutrophication.
Following a brief text describing each of these environmental
pressures (Box A1), producers were asked to answer two ques-
tions, notably about their perceived level of threat to their activity,
according to the levels ‘‘high’’, ‘‘moderate’’, and ‘‘low’’, and about
potential changes in their perceptions of threat influenced by the
reading of the informative text. Accordingly, Figure 5 indicates
that a greatmajority of the respondents (76%) consider heatwaves
as a high threat, whereas about 51% and 45% selected the same
level of threat for HAB and for gradual increase in SST,
respectively. Ocean acidification and sea level rise were the
pressures the least classified as a high threat (12% and 4%,
respectively). Finally, regarding ocean acidification and invasive
species, respectively, 53% and 43% of the respondents either did
not reply or did not know how to classify these pressures.
A specific analysis per production site available in Table 3 shows
that summer heatwaves andHABwere classified as a high threat for
11 and 10 production sites, respectively. On the contrary, sea level
rise was perceived as the lowest threat with levels of moderate and
low threat for 3 and 12 sites, respectively.Ocean acidificationwas the
second pressure less perceived as harmful, being considered as a high
threat only for two sites, namely Etang de Thau (France) and
Civitanova (Italy), moderate for 4 sites, and low threat for 7 sites.
The assessment of changes in the perception about the level of
risk shown in Figure 6 indicates that a significant part changed
their opinion about the respective levels of threat to their activity
Figure 3. Regions and production sites. Abbreviations have the following meaning: Fr, France; GR, Greece; IT, Italy; MON, Montenegro; SP, Spain;
TUN, Tunisia.
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after reading the proposed text describing these environmental
pressures. Most relevant changes were associated with ocean
acidification, summer heat waves, gradual increase in SST, and
HAB.About 31%of the producerswere influenced by the text and
after reading it consider ocean acidification as a serious threat,
whereas 25% of producers observed the same change for summer
heat waves, and 21% for the two remaining pressures. On the
contrary, the percentage of producers changing towards the
opinion that the studied pressures will not represent a serious
threat ranged from 2% for HAB and gradual increase in SST to
8% formarine pollution.With regard to summer heat waves none
of the respondents changed their opinion towards not considering
it a serious threat.
Finally, producers were asked to indicate any environmental
problem in addition to the nine stressors previously documented,
affecting their activity. Suggestions given included: threats
coming from other species (e.g., turtles, sea snails, hydrozoans,
fish species like sea bream damagingmolluscs) (seven producers);
extreme events like floods (rain falls anomalies with strong
inflows of freshwater) (one producer), and storms characterized
by strong winds, high waves and strong ocean currents (one
producer); and changes in water salinity (one producer).
Information on Summer Heat Waves Events
The majority of respondents (;78%) admitted having expe-
rienced important difficulties in their activity in the past years as
a consequence of summer heat waves. Figure 7 shows the
geographical distribution of heat waves occurring in the past
years in the case study regions and provides information about
the types of damage observed. These events were observed for 13
out of a total of 16 production sites on several occasions during
TABLE 1.
Characteristics of the production sites.
Production sites Region Country Environment Produced species
Number
of answers
Representativeness
(% over total
number of
producers per site)
Etang de Thau Languedoc-Roussillon FR Lagoon; coast/bay MM; PCO 6 1.2%*
Gruissan Languedoc-Roussillon FR Coast/bay MM; PCO 1 25%*
Vistonikos Gulf Anatoliki Makedonia,
Thraki
GR Offshore MM 1 20%†§
Strymonian Gulf Anatoliki Makedonia,
Thraki
GR Coast/bay MM; EFO 1 12.5%‡
Sagiada (Kalamas Delta) Ipeiros GR Coast/bay MM 1 12.5%†§
Amvrakikos Gulf Ipeiros GR Semi-enclosed embayment MM 1 14.3%{
Thermaikos Gulf Kentriki Makedonia GR Coast/bay; offshore MM 9 6.1%||
Maliakos Gulf Sterea Ellada GR Coast/bay MM 3 30%§
Gulf of Trieste Friuli-Venezia-Giula IT Coast/bay MM 1 6.3%**
San Benedetto del Tronto
coast
Marche IT Offshore MM; EFO 2 50%††
Civitanova coast Marche IT Offshore MM; EFO; PCO 1 10%††
Gargano coast Puglia IT Offshore MM 2 40%‡‡
Venice Lagoon and coast Veneto IT Lagoon; offshore MM 1 0.9%–3.8%§§
Gulf of Kotor Montenegro MON Coast/bay; offshore MM; EFO 9 56.3%{{
Ebro Delta Catalonia SP Lagoon; offshore MM; PCO; GCS; JCS 6 13.3%||||
Lake Bizerte Bizerte TUN Lagoon MM; PCO 4 33.3%***
For the column referring to Country, abbreviations have the followingmeaning: FR, France; GR,Greece; IT, Italy;MON,Montenegro; SP, Spain;
TUN, Tunisia; for the column referring to Produced species, abbreviations have the following meaning: MM,Mediterranean mussel; PCO, Pacific
cupped oyster; EFO, European flat oyster; JPS, Japanese carpet shell; for the production site located in Venice Lagoon and coast, the lower bound in
the representativeness column corresponds to the estimates for the surrounding municipalities of the Venice Lagoon, whereas the higher bound
corresponds to the municipality of Venice.
* CRCM (2014) and personal information provided by CRCM (Comit!e R!egional Conchylicole de M!editerran!ee, France, http://www.srcm.fr).
† Ministry of Rural Development and Food, Hellenic Republic (2014).
‡ Personal information provided by the local fisheries authorities of the Prefectures of Chalikidiki, Kavala, and Serres.
§ Theodorou et al. (2011).
{ Personal communication with local producers.
|| Personal information provided by the Department of Fisheries and Aquaculture, Decentralized Peripheral Administration of Kentriki
Makedonia, Thraki.
** Melaku Canu and Solidoro (2013).
† † Regione Marche (2008).
‡‡ Giuffr"e et al. (2012).
§§ Comit!e National de la Conchyliculture (2013).
{{ Vukovic (2006).
|||| Personal information provided by FEPROMODEL.
*** Personal information provided by the Direction G!en!erale de la Pe^che et de l!Aquaculture (DGPA).
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the last two decades and occurred in different production
environments such as lagoons, coastal areas, and bays. Re-
garding the description of the effects caused by heat waves, some
producers pointed out that molluscs were sensitive to tempera-
tures exceeding 28–31!C, leading to mortalities of seed or adult
molluscs, reaching in some cases up to 100% of the total stock.
Furthermore, another observed effect was a decrease in byssus,
which affects the ability of molluscs to attach to the production
ropes. According to producers from the regions of Languedoc-
Roussillon (France) andMarche (Italy), this problem is not only
due to temperature, but to a combination with other stressors,
such as lack of oxygen and unfavorable wind and sea conditions.
Producers were further asked to indicate which types of
measures were taken to respond to summer heat wave events.
The most repeated answer was moving the production to deeper
water areas (13 producers) and collecting and selling mussels
before the usual period (11 producers), followed by the option of
hiring an insurance company (4 producers), which was exclusive
from Ebro Delta (Spain), ‘‘no action/no solution’’ (5 producers),
reducing eutrophication sources (1 producer), importing seed
(1 producer), delaying sowing (1 producer), and cleaning the
production ropes (1 producer).
Summer heat waves create various types of damage costs.
According to a producer from Ebro Delta River (Agust!ı
Bertomeu, personal communication, January 2014), a heat
wave event that occurred in 2013 led to an aggregated loss of
900 tonnes of Mediterranean mussel in this production area,
corresponding to a cost of;V0.9 million. Before attaching new
seeds to the ropes, producers had to import mussel seeds from
other countries (costing around V0.9–V1 per kg), clean the
current ropes containing dead mussels, and treat the resulting
waste, with an overall cost ofV40,000–V50,000. Although this is
a rough estimate, the previous description serves as an illustration
of how producers are economically affected by heat waves.
Information on the Decrease of Seed Recruitment and Shell Thickness/
Resistance
Figure 8 gives information on the percentages of seed
recruitment for each production site according to different
TABLE 2.
Characteristics of the respondents.
n Minimum Maximum Mean SD Total
General characteristics
Age of establishment* 39 2 78 17 15.8 –
Area of production (ha)* 45 0.0023 206.7 19.9 50.3 896.3
Staff used (number of full-time employees)† 47 0 45 5 7.3 212
Total annual sales†‡ 48 1 7 2.8 1.9 –
Production (tonnes)†
Mediterranean mussel 48 0 1,200 117.1 205.5 5,621
Pacific cupped oyster 47 0 150 11.5 30.8 542
Other species 49 0 10 0.4 1.6 20
Total production (tonnes)† 6,183
% Over total Mediterranean mollusc aquaculture§ 4.1%
* Information corresponds to the years 2013/2014.
† Information corresponds to the year 2012.
‡ 1¼ <V25,000; 2 ¼V25,000–V50,000; 3 ¼V50,000–V100,000; 4 ¼V100,000–V200,000; 5 ¼V200,000–V300,000; 6¼V300,000–V400,000;
7 > V400,000.
§ Data from 2010 (FAO 2010) was considered for the total Mediterranean production.
Figure 4. Level of knowledge about environmental pressures.
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sources, namely natural environment near the culture location,
through imported seeds, and through hatchery. Furthermore, it
shows which production sites have in past years shown an
alteration of larval development (decrease in seed recruitment)
and shell production (decrease in shell thickness/resistance),
both of which are expected under ocean acidification (e.g.,
Kroeker et al. 2013, Gazeau et al. 2013).
Results show that the majority of the producers rely on the
recruitment of mussel seeds from the natural environment near
the culture location. Considering all producers combined,
about 80% of seeds come from this source, whereas 15% are
imported, and 5% are obtained from hatcheries. Regarding
oysters, a majority (62%) of the seeds are imported, 25% are
produced in a hatchery, and only 13% are obtained in the
natural environment near the production location. A specific
analysis by production site indicates that some farms located
in Sagiada (Ipeiros, Greece), and in the Strymonian Gulf
(Anatoliki Makedonia, Thraki, Greece) totally depend on
imported seeds.
The decrease in seed recruitment was indicated to have
happened in past years by 37% of the producers in areas such as
Etang de Thau and Gruissan (Languedoc-Roussillon, France),
Ebro Delta (Catalonia, Spain), Thermaikos Gulf (Kentriki
Makedonia, Greece), Maliakos Gulf (Ipeiros, Greece), and
Vistonikos Gulf (Anatoliki Makedonia, Thraki, Greece). Nev-
ertheless, producers indicating such problems also stated that it
was likely caused by other stressors (e.g., virus proliferation and
sea bream). A decrease in shell thickness/resistance was ob-
served in Etang de Thau (Languedoc-Roussillon, France), Lake
Bizerte (Bizerte, Tunisia), the Civitanova Marche coast (Mar-
che, Italy), the Gulf of Trieste (Friuli-Venezia-Giula, Italy), the
Gulf of Kotor (Montenegro), theMaliakos Gulf (Sterea Ellada,
Greece), and in the Thermaikos Gulf (Kentriki Makedonia,
Greece), and reported by 34% of all producers.
CONCLUSIONS
Bivalve mollusc aquaculture is present in many parts of the
Mediterranean Sea, with important production sites in Italy,
Greece, and France. It is performed in a diversity of sites,
including lagoons, bays, and offshore areas, and following
different techniques, such as long lines and floating rafts. The
cultivation of molluscs depends on a fine balance between
environmental factors that are currently under pressure from
climate change and ocean acidification. This study aimed to
understand how producers from different Mediterranean sites
assess a selected group of climatic and nonclimatic pressures, in
terms of knowledge, perception of threat, and impacts on their
activity.
Results show that there is a high uncertainty and lack of
knowledge among producers regarding what ocean acidifica-
tion could represent for the future of their sector. This pressure
was classified as the lowest threat after sea level rise. More
familiar pressures included eutrophication, marine pollution,
gradual increase in SST and summer heat waves. The latter
pressure represents an important concern of mollusc producers,
being classified as the highest threat. In the analysis developed
in this study, the inclusion of an informative text about the
environmental pressures in the questionnaire motivated
changes in the perceptions of producers. This indicates that
the provision of more information about climatic and non-
climatic pressures could be beneficial for the mollusc sector in
anticipating and adapting to such problems.
Regarding the observation of impacts, summer heat waves
have occurred in a great number of production sites in the past
years with detrimental effects on cultivated species including
seed availability and adult mortality, as well as a decrease in the
production of byssus. Economic effects comprised revenue
losses associated with the mortality of farmed species as well
as adaptation costs taken to restart the production. Frequently
adopted measures to respond to such events involve moving the
production to bigger depths or expediting harvest and sales. In
contrast, effects such as a decrease in shell resistance/thickness
were observed in fewer production sites with no evidence,
according to the producers, that it is caused by ocean acidifi-
cation. Various producers indicate that production losses also
arise from the influence of other pressures, including predators,
storms, and floods.
Another point that deserves attention is the origin of seeds.
The larval stage represents one of the most vulnerable periods
Figure 5. Opinions on level of threat posed by environmental pressures.
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in mollusc development to climate change and ocean acidifi-
cation (e.g., Gazeau et al. 2013). Mollusc farms experiencing
a decrease in the recruitment from the natural environment
near production sites in the future may need to turn to other
sources such as hatcheries or importing from other areas,
which may represent supplementary operational costs. The
latter option could mean a possible dependency of producers on
other distant areas. Here it may be noted that the current EU
legislation restricts seed transfer from site to site for zoosanitary
reasons. In view of this, the health status of each farming area has
to be properly monitored and risk assessments have to be
developed (Muehlbauer et al. 2014, Brenner et al. 2014), so as
to solve the problem of seed supply (e.g., to release seed transfer
from a higher health status area to a lower status area).
Important gaps still exist in the knowledge about the impacts
of climatic change and ocean acidification on species! physiol-
ogy and adaptive capacity, synergies with other stressors, and
ecosystem-wide implications; however, it is clear that these
global threats are likely to become more pronounced in the
coming decades, potentially affecting sea-based sectors such as
mollusc aquaculture. This paper represents a solid step towards
future cooperation between academics and producers. Approx-
imately 94% of the producers assessed in the study stated in the
final part of the questionnaire that they were willing to
collaborate on the improvement of the projections on future
effects of climate change and ocean acidification on the mollusc
aquaculture industry.
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APPENDIX
TABLE A1.
Classification of coastal regions in different countries.
Country
Mediterranean coastal regions
Regional units Names
Albania 1 (the whole country) Albania
Algeria 15 of 48 wilayas (provinces) Ain Tamouchent, Alger, Annaba, B!ejaia, Boumerd"es, Chlef, El Tarf, Jijel, Mascara,
Mostaganem, Oran, Skikda, Tipaza, Tizi Ouzou, Tlemcen
Bosnia-Herzegovina 1 of 3 districts Federation of Bosnia-Herzegovina
Croatia 1 of 2 regions Adriatic Region of Croatia
Cyprus 1 (the whole country) Cyprus
Egypt 8 of 26 governorates Ad Daqahliyah, Al Buhayrah, Al Iskandariyah, Bur S"aid, Dumyat, Kafr ash Shaykh,
Matruh, Shamal Sina!
France 3 of 22 regions Corse, Languedoc-Roussillon, Provence-Alpes-Cote d#Azur
Greece 12 of 13 regions Anatoliki Makedonia, Thraki, Attiki, Dytiki Ellada, Ionioi Nisoi, Ipeiros, Kentriki
Makedonia, Kriti, Notio Aigaio, Peloponnisos, Stere!a Ell!ada, Thessalia, Voreio
Aigaio
Israel 5 of 6 districts HaDarom, Haifa, HaMerkaz, HaZafon, Tel Aviv
Italy 16 of 20 regions Abruzzo, Apulia, Basicalata, Calabria, Campania, Emilia-Romagna, Fiuli-Venezia-
Giulia, Lazio, Liguria, Marche, Molise, Sardegna, Sicilia, Toscana, Umbria, Veneto
Lebanon 4 of 6 governorates Beirut, Mount Lebanon, North Lebanon, South Lebanon
Libya 16 of 32 governorates Ajdabiya, Al Butnan, Al Hizam Al Akhdar, Al Jabal al Akhdar, Al Marj, Al Marqab,
Al Qubbah, Na Nuqat al Khams, Az Zawiyah, Benghasi, Darnah, Misratah,
Sabratah Surman, Surt, Tajura!wa na Nawahi al Arba, Tarabulus
Malta 1 (the whole country) Malta
Monaco 1 (the whole country) Monaco
Montenegro 1 (the whole country) Montenegro
Morocco 3 of 15 regions Tanger-T!etouan, Taza-Al Hoceima-Taounate, Oriental
Palestinian territories 1 (the whole country) Palestinian territories
Slovenia 1 of 2 regions Western Slovenia
Spain 5/18 autonomous communities Andalusia, Balearic Islands, Catalonia, Murcia, Valencia
Syria 2 of 14 governorates Lattakia, Tartus
Tunisia 13 of 24 governorates Ariana, B!eja, Ben Arous, Bizerte, Gab"es, Jendouba, Mahdia, M!edenine, Monastir,
Nabeul, Sfax, Sousse, Tunis
Turkey 10 of 26 regions Istambul, Tekirdag, Balikesir, Izmir, Aydin, Bursa, Kocaeli, Antalya, Adana, Hatay
Sources: EUROSTAT (2011), GADM (2014).
Libya has currently 22 Governorates. In this study GIS files are adapted to an older configuration, notably 32 Governorates.
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TABLE A2.
Aquaculture production in Mediterranean regions (2010).
Regions Country
Mollusc
production (tonnes)
Mariculture
production (tonnes)†
Molluscs/total
aquaculture production (%)
Emilia Romagna Italy 35,556.2* 35,667.2 99.7
Veneto Italy 28,622.7* 30,436.7 94.04
Kentriki Makedonia Greece 21,068† 27,068§§ 77.8
Languedoc-Roussillon France 15,045‡ 15,830 95.04
Puglia Italy 12,800.4* 16,326.4 78.4
Sardgena Italy 5,192.6* 8,151.6 63.7
Catalonia Spain 3,878§ 6,737 57.6
Marche Italy 3,507.1* 3,510.1 99.9
Friuli-Venezia Giulia Italy 3,333.2* 4,337.2 76.9
Provence-Alpes-Cote d#Azur France 3,300‡ 5,364 61.5
Molise Italy 2,750* 3,101 88.7
Campania Italy 2,419.6* 2,686.6 90.1
Adriatic region of Croatia Croatia 2,100{ 11,300 18.6
Liguria Italy 1,853.8* 2,116.8 87.6
Sterea Ellada Greece 1,500|| 21,275 7.1
Albania Albania 1,410†{ 2,127 66.3
Sicily Italy 1,305* 4,715 27.7
Corse France 1,300‡ 2,837 45.8
Anatoliki Makedonia, Thraki Greece 1,200† 1,581 75.9
Abruzzo Italy 1,181.8* 1,321.8 89.4
Andalusia Spain 791.1§ 8,466.1 9.3
Lazio Italy 698* 1,760 39.7
Balikesir Turkey 340† 1,574 21.6
Valencia Spain 204.4§ 11,378.4 1.8
Montenegro Montenegro 200†{ 329 60.8
Ipeiros Greece 200** 4,514 2.2
Bizerte Tunisia 167† 167 100
Balearic Islands Spain 150§ 150 100
Calabria Italy 80* 246 32.5
Southern Slovenia Slovenia 77.7†† 118.7 65.5
Federation of Bosnia-Herzegovina Bosnia-Herzegovina 70†{ 260 26.9
Voreio Aigaio Greece 53† 5,992 0.9
Attiki Greece 48† 3,576 1.3
Nador Morocco 12†{ 49 24.5
El-Tarf Algeria 4†{ 128 3.1
Izmir Turkey na‡‡ na na
Adana Turkey na‡‡ na na
Total – 152,418.25 245,197.3 62.2
This table only includes Mediterranean coastal regions that produce molluscs. Case study regions are marked in bold. Data inaccuracies might be
expected for some regions as different sources reported slightly different data. Data for the total mariculture production were adjusted for the
countries which did not had Campbell and Pauly (2013) as a reference for data on mollusc production.
* Personal information provided by the Associazione Mediterranea Acquacoltori (AMA).
† Campbell and Pauly (2013).
‡ CEPRALMAR (2011).
§ Magrama (2010).
{ FAO (2010).
|| Estimation based on Theodorou et al. (2011).
** Estimation based on European Commission (2009).
†† Personal information provided by the Slovenian Hunting and Fisheries Division – Ministry of Agriculture and the Environment.
‡‡ Data were not available for the regions of Izmir and Adana in Turkey despite Candan et al. (2007) and L€ok (2009) indicating the existence of
mollusc aquaculture farms in these regions.
§§ Personal information provided by the Decentralized Peripheral Administration of KentrikiMakedonia, Thraki. The estimate was obtained using
the maximum production capacity of the licensed fish farms of this area in 2013.
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BOX A1.
Informative text about environmental pressures used in the questionnaire.
Gradual increase in sea water temperature as a result of climate change
During the last 200 y, as a consequence of human activities, the increase in the emissions of greenhouse gas such as CO2 has led to a higher mean
global temperature of the atmosphere. During this period, ;80% of the heat added to the climate system was absorbed by the ocean, which in
turn is resulting in a gradual increase of the SST. Associated effects include changes at the physiological level of marine organisms and possible
shifts on their geographical distribution. Socioeconomic consequences may occur through the decline of the commercial exploitation of seafood
species in some regions, which affects human nutrition and livelihoods associated with fisheries and aquaculture (Noone et al. 2013).
Summer heat waves leading to abrupt increases of sea water temperature
Global warming is expected to produce more extreme events such as severe heat waves, floods, and droughts. Summer heat waves could have
important effects on the survival of mollusc populations, leading to potential losses in production and revenues for the aquaculture sector.
Ocean acidification
The ocean is the largest natural reservoirs of carbon and has an estimated capture of 25%of the CO2 emitted by human activities. This absorption of
CO2 by the ocean leads to increased acidity levels (decreased pH). Although the seawater will remain basic, this pH decrease will lead to profound
changes in the ocean chemistry. Among those changes, carbonate ions, the elements used by many marine species to produce calcareous
structures (for instance, mollusc shells) will become significantly lower. Ocean acidification can thus produce effects in the physiology of marine
organisms, and lead to direct or indirect negative effects on marine food webs. Important economic sectors, such as fisheries, aquaculture, and
tourism, are considered as potentially vulnerable sectors to ocean acidification (IPCC 2007, Sabine et al. 2004, Khatiwala et al. 2009).
Sea level rise
The increase of global temperatures is very likely to raise the sea level through the expansion of ocean water and melting of major ice sheets.
Projections by 2100 in the Mediterranean indicate a potential sea level rise of 35 cm. Impacts include floods of coastal land, saltwater intrusion
that may affect areas such as lakes and reservoirs, increased erosion and habitat destruction (Rosa et al. 2012, UNEP 2009).
Marine pollution
TheMediterranean Sea connects three continents, and is surrounded by 22 territories, reaching a total population close to the threshold of 500million
inhabitants. The larger number of people living in coastal zones, and the associated intense economic activity, leads to important environmental
pressures for the Mediterranean Sea. Marine pollution through toxic chemicals, solid waste, sewage discharge, oils spills, and discarded fishing
nets, represents a serious threat to biodiversity, and water quality, with special incidence on estuarine and coastal habitats. Polluted areas may
complicate the implementation of certain practices such as aquaculture, and recreational activities (Noone et al. 2013, United Nations
Demographic and Social Statistics 2012).
Mollusc diseases
Several diseases affect mollusc species produced in theMediterranean region (e.g., bonamiosis andmytilicolosis). The prevention and eradication of
mollusc diseases are of major concern for the aquaculture sector; however, an appropriate use of prophylactic and treatment measures is
essential. In some cases the use of chemicals may trigger toxicity, resistance to diseases in certain species, and produce residues. These aspects can
become a matter of public health, and environmental degradation (Rosa et al. 2012).
Eutrophication
This pressure is described as the ecosystem response to the over enrichment of water by nutrient flows, primarily delivered to the marine ecosystem
from land-based activities such as agricultural practices, industrial activities and population growth. Symptoms of eutrophication include the
depletion of oxygen, also known as hypoxia, HAB and drastic decrease in biodiversity. Impacts range from the loss of subaquatic vegetation,
change in species composition, and the formation of oxygen-depleted waters, also known as "dead zones! (World Resource Institute [WRI] 2009).
Harmful algal blooms
Rapid increases in the population of harmful algal species may occur in marine environments. Increased temperatures associated with
eutrophication can enhance the occurrence of these toxic tides and lead to negative impacts on aquaculture (e.g., in the farming of filter feeders).
Risks for human health reside in the contamination of seafood, and may result in some illness such as diarrheic shellfish poisoning DSP and
paralytic shellfish poisoning. EnhancedHABwould adversely affect tourism as well as regional fisheries and aquaculture production (Rosa et al.
2012, CIESM 2008).
Invasive species
The intrusion of nonendemic species in marine habitats may accelerate the decline of native species, leading to population losses and extinctions at
the local level. Biological invasions are considered one of biggest causes of biodiversity loss, and are recognized as a threat to the economy and
also human health (UNEP 2009).
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